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Motivation

Grand Challenges are ..fundamental problems in science and 
engineering, with potentially broad social, political, and scientific 
impact, that could be advanced by applying high performance 
computer resources

Office of Science and Technology

• Some grand challenges: electronic structure of materials, turbulence, 
genome sequencing and structural biology, global climate modeling, 
speech and language studies, pharmaceutical design, pollution, etc. . 
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Motivation

With the development of new kinds of equipment of greater capacity, and particularly 
of greater speed, it is almost certain that new methods will have to be developed in 
order to make the fullest use of this equipment.  It is necessary not only to design 
machines for the mathematics, but also to develop a new mathematics for the 
machines - 1952, Hartree

• Metropolis (Monte Carlo Methods) grew out of physical chemistry in 1950’s 
through attempts to calculate statistical properties of chemical reactions. Some 
areas of application: astrophysics, many areas engineering, and chemistry
• Fast Fourier Transform (FFT): implementation of Fourier Analysis. Some 
areas of application: image and signal processing, seismology, physics, 
radiology, acoustics and engineering
• Multigrids: method for solving a wide variety of PDE. Some areas of 
application:  physics, biophysics and engineering

Motivation
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Motivation 

Mathematics: 
Credibility of algorithms (error 
analysis, exact solutions, expansions, 
uniqueness proofs and theorems)

Computer Science
Provides services ranging from 
Networking and visualization 
tools to algorithms

Computational science:  can be characterized by the needs to gain 
understanding through the  analysis of mathematical models using high 
performing performing computers

• Scientists
• Engineers
• Mathematicians
• Economists, artists

Community Multidisciplinary!

Motivation
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Some lessons learned from Earth 
System Modeling
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GFLOPS - TFLOPS

PFLOPS

Motivation - Example I
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Motivation - Example I

Duffy et. al., 
Lawrence Livermore National Laboratory

• CCM3 - spectral truncations of T170 and T239
• 50 Km spatial resolution is 32 times more grid cells and takes roughly

200 times longer to run
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• Non-linear demand for resources (CPU - Memory) 
• Multi-disciplinary application is more demanding

AGCM/ACM
2.5 long x 2 lat, 30 layers

25-chemical species

AGCM/ACM
2.5 long x 2 lat, 30 layers

2-chemical species

Motivation - Example II

Coupled Atmosphere/Atmosphreic Chemistry
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FLAPW: uses ScaLAPACK for the solutions
Dense Eigenvalue Problems

NWChem: Uses GlobalArrays
for managing the  distributed computing environments

MADCAP: Uses ScaLAPACK for the solution
of large and dense linear systems of equations

Partial Matrix of Methods and Disciplines 



02/24/2004The DOE ACTS Collection (http://acts.nersc.gov) 11
  

... More Applications …

http://acts.nersc.gov/AppMathttp://acts.nersc.gov/AppMat

Enabling sciences
and discoveries…

with
high performance 
and scalability...

Matrix of Scientific Applications and Tools
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Motivation- Why do we need software libraries?

Tuned and machine
Dependent  modules

Application
Data Layout

Control I/O

Algorithmic Implementations

Large Scientific Codes: 
A Common Programming Practice
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Tuned and machine
Dependent  modules

Application
Data Layout

Control I/O

Algorithmic Implementations

New Architecture or S/W
• Extensive tuning
• May require new programming 
paradigms
• Difficult to maintained!

New Architecture:
• Extensive re-rewriting
New or extended Physics:
• Extensive re-rewriting or 
increase overhead

New Architecture:
• May or may not need re-
rewriting
New Developments:
• Difficult to compare

New Architecture:
• Minimal to Extensive rewriting

Motivation- Why do we need software libraries?
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TIMELINECOSTSOFTWARE
IMPACTOPTION

Academic research 
prototypes only 
available now

UnknownExtensive or 
unknown

Research 
Architectures 
(Streams, VIRAM..)

Available now
2.5 to 3 times 
commodity at 
presentModerateJapanese- made 

vector architecture

Only prototypes 
available now

Unknown, 2 to 5 
times commodity?Extensive

Processor-in-
memory
(Blue Gene/L)

Available now
2 or 3 times 
commodity at 
present

ModerateU.S.-made vector 
architecture

Can be achieved in a 
few years

2 or 3 times 
commodity?Minimal

Modification of 
commodity 
processors

Some options for New Architectures
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USER's APPLICATION CODE 
(Main Control)

Tuned and machine
Dependent  modules

Application
Data Layout I/OAlgorithmic 

Implementations

AVAILABLE

LIBRARIES & PACKAGES

AVAILABLE

LIBRARIES & PACKAGES

AVAILABLE

LIBRARIES 

Motivation- Why do we need software libraries?

An Alternative Approach
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Old Fashion

"We need to move away from a coding style suited 
for serial machines, where every macrostep of an 
algorithm needs to be thought about and explicitly 
coded, to a higher-level style, where the compiler 
and library tools take care of the details.  And the 
remarkable thing is, if we adopt this higher-level 
approach right now, even on today's machines, we 
will see immediate benefits in our productivity."

W. H. Press and S. A. Teukolsky, 1997
Numerical Recipes: Does This Paradigm Have a future?
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Main Objective of Using a Library

• Outlive Complexity
• Increasingly sophisticated models
• Model coupling
• Interdisciplinary 

• Sustained Performance
• Increasingly complex algorithms
• Increasingly complex architectures
• Increasingly demanding applications

min[time_to_first_solution] (prototype)

min[time_to_solution] (production)

(Software Evolution)

(Long-term deliverables)
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Software Interfaces
CALL BLACS_GET( -1, 0, ICTXT )
CALL BLACS_GRIDINIT( ICTXT, 'Row-major', NPROW, NPCOL )

:
CALL BLACS_GRIDINFO(ICTXT, NPRO W, NPCOL, MYRO W, MYCOL )
:
:
CALL PDGESV( N, NRHS, A, IA, JA, DESCA, IPIV, B, IB, JB, DESCB,
$ INFO )

• -ksp_type  [cg,gmres,bcgs,tfqmr,…]
• -pc_type  [lu,ilu,jacobi,sor,asm,…]

More advanced:

• -ksp_max_it  <max_iters>
• -ksp_gmres_restart  <restart>
• -pc_asm_overlap  <overlap>
• -pc_asm_type  [basic,restrict,interpolate,none]

Data Layout

structured composite blockstrc unstruc CSR

Linear Solvers

GMG FAC Hybrid, ... AMGe ILU, ...

Linear System Interfaces

Language Calls

Command lines

Problem Domain
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ACTS Numerical Tools: Functionality

ScaLAPACKLQ factorization

ScaLAPACKQR with column 
pivoting

ScaLAPACKQR 
Factorization

ScaLAPACKLDLT 

(Tridiagonal 
matrices)

ScaLAPACKCholesky 
Factorization

ScaLAPACK(dense)
SuperLU (sparse)

LU 
Factorization

Direct Methods

Systems of 
Linear Equations 

LibraryAlgorithmsMethodology 
Computational 

Problem
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ACTS Numerical Tools: Functionality

LibraryAlgorithmsMethodology Computational 
Problem

AztecOO
PETSc

Transpose Free 
QMR

AztecOOQuasi-Minimal 
Residual (QMR)

AztecOO
PETSc

Bi-CG Stab

AztecOO
PETSc

CG Squared

AztecOO
PETSc
Hypre

GMRES

AztecOO (Trilinos)
PETSc

Conjugate 
Gradient

Iterative 
Methods

Systems of 
Linear Equations
(cont..) 
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Structure of PETSc

Computation and Communication Kernels
MPI, MPI-IO, BLAS, LAPACK

Profiling Interface

PETSc PDE Application Codes

Object-Oriented
Matrices, Vectors, Indices

Grid
Management

Linear Solvers
Preconditioners + Krylov Methods

Nonlinear Solvers,
Unconstrained Minimization

ODE Integrators Visualization

Interface
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SLES sles;  /*  linear solver context  */
Mat   A;       /*  matrix  */
Vec      x, b;  /*  solution, RHS vectors  */
int        n, its;     /*  problem dimension, number of iterations  */

MatCreate(MPI_COMM_WORLD,PETSC_DECIDE,PETSC_DECIDE,
n,n,&A);  /* assemble matrix */

VecCreate(MPI_COMM_WORLD,PETSC_DECIDE,n,&x); 
VecDuplicate(x,&b);                                  /* assemble RHS vector */

SLESCreate(MPI_COMM_WORLD,&sles); 
SLESSetOperators(sles,A,A,DIFFERENT_NONZERO_PATTERN);
SLESSetFromOptions(sles);
SLESSolve(sles,b,x,&its);
SLESDestroy(sles);

PETSc Example - Basic Linear Solver in C

SAME_NON_ZERO_PATTERN
SAME_PRECONDITIONER

Original Matrix from 
Linear System

Preconditioning matrix
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Data Layout
structured composite block-struc unstruc CSR

Linear Solvers
GMG, ... FAC, ... Hybrid, ... AMGe, ... ILU, ...

Linear System Interfaces

Hypre Conceptual Interfaces
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Hypre Conceptual Interfaces
INTERFACE TO SOLVERS

Solvers Struct SStruct FEI IJ
Jacobi X
SMG X
PFMG X
BoomerAMG X X X X
ParaSails X X X X
PILUT X X X X
Euclid X X X X
PCG X X X X
GMRES X X X X

System Interfaces

List of Solvers and Preconditioners per Conceptual Interface
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ACTS Numerical Tools: Functionality

LibraryAlgorithmsMethodology Computational 
Problem

PETScLeast Squares 
Polynomials 

AztecOOPoint Jocobi 
Preconditioner

AztecOO
PETSc
Hypre

Block Jacobi 
Preconditioner

PETScRichardson 

AztecOO
PETSc
Hypre

Precondition CG

PETScSYMMLQ

Iterative 
Methods
(cont..)

Systems of 
Linear Equations
(cont..) 
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ACTS Numerical Tools: Functionality

HypreSemi-coarsening 

HypreAlgebraic MG

PETSc
HypreMG Preconditioner

MultiGrid (MG)
Methods

LibraryAlgorithmsMethodology Computational 
Problem

PETScLeast Squares 
Polynomials 

AztecOOIncomplete LU (ILU) 
preconditioner

AztecOO
PETSc
Hypre

Sparse LU 
preconditioner

HypreApproximate Inverse

PETScOverlapping Additive 
Schwartz

PETScSOR Preconditioning

Iterative 
Methods
(cont..)

Systems of Linear 
Equations
(cont..) 
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ScaLAPACK (dense)
SLEPc (sparse)

EigenproblemGeneralized 
Symmetric  Definite
Eigenproblem

ScaLAPACK (dense)
SLEPc (sparse)

Singular Value 
Decomposition 

Singular Value 
Problem

ScaLAPACK (dense)
SLEPc (sparse)For A=AH or A=AT

Symmetric 
Eigenvalue Problem

Standard 
Eigenvalue Problem

ScaLAPACKMinimum Norm 
Least Squares

ScaLAPACKMinimum Norm 
Solution

ScaLAPACKLeast SquaresLinear Least 
Squares Problems

LibraryAlgorithmMethodologyComputational 
Problem

ACTS Numerical Tools: Functionality

   minx || b− Ax ||2

   minx || x | |2

   minx || x | |2
   minx || b− Ax ||2

 Az = λz

 

A = UΣVT

A = UΣVH

 

Az = λBz
ABz = λz
BAz = λz
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ACTS Numerical Tools: Functionality

PETScMatrix Free

PETScPseudo-Transient 
Continuation

PETScTrust Regions

PETScLine Search

Newton Based

Non-Linear 
Equations

LibraryAlgorithmMethodologyComputational 
Problem
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ACTS Numerical Tools: Functionality

OPT++No derivate 
informationDirect Search

TAOGradient 
Projections

OPT++Limited Memory 
BFGS

OPT++
TAO

Standard Non-
linear CG

CG

OPT++
TAO

Non-linear Interior 
Point

OPT++
TAO

Quasi-Newton

OPT++
TAO

Finite-Difference 
Newton

OPT++
TAO

Newton

Newton Based

Non-Linear 
Optimization

LibraryAlgorithmMethodologyComputational 
Problem
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TAO - Interface with PETSc
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OPT++ Interfaces

• Four major classes of problems available
• NLF0(ndim, fcn, init_fcn, constraint)

• Basic nonlinear function, no derivative information 
available

• NLF1(ndim, fcn, init_fcn, constraint)
• Nonlinear function, first derivative information available

• FDNLF1(ndim, fcn, init_fcn, constraint)
• Nonlinear function, first derivative information 

approximated
• NLF2(ndim, fcn, init_fcn, constraint)

• Nonlinear function, first and second derivative 
information available
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ACTS Numerical Tools: Functionality

OPT++No derivate 
informationDirect Search

TAOGradient 
Projections

OPT++Limited Memory 
BFGS

OPT++
TAO

Standard Non-
linear CG

CG

OPT++
TAO

Non-linear Interior 
Point

OPT++
TAO

Quasi-Newton

OPT++
TAO

Finite-Difference 
Newton

OPT++
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Non-Linear 
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LibraryAlgorithmMethodologyComputational 
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ACTS Numerical Tools: Functionality

KINSOL (SUNDIALS)Line Search
Inexact Newton

Nonlinear 
Algebraic 
Equations

IDA (SUNDIALS)Direct and Iterative 
SolversBackward 

Differential Formula

Differential 
Algebraic 
Equations

CVODE
CVODES

Direct and Iterative 
Solvers

Backward 
Differential Formula

TAOFeasible 
Semismooth

Semismoothing 

Non-Linear 
Optimization 
(cont..) TAOUnfeasible 

semismooth
CVODE (SUNDIALS)
CVODES

Adam-Moulton
(Variable coefficient 
forms)

Integration
Ordinary 
Differential 
Equations

LibraryAlgorithmMethodologyComputational 
Problem
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ACTS Numerical Tools: Functionality

PAWSCoupling

CUMULVSRemote Steering

GlobusGRID
Distributed 
Computing

CUMULVS (viz)
Globus (Grid)

Distributed 
Memory

CHOMBO (AMR)
Hypre
OVERTURE

Semi-Structured 
Meshes

CHOMBO (AMR)
Hypre
OVERTURE
PETSc

Structured Meshes

OVERTUREGrid Generation

Global ArraysShared-Memory

Distributed Arrays

Writing Parallel 
Programs

LibraryTechniquesSupportComputational 
Problem
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ACTS Numerical Tools: Functionality

ATLASLinear Algebra 
Tuning

Library 
Installation

Code 
Optimization

TAUAutomatic 
InstrumentationExecution 

Performance TAUUser 
Instrumentation

BABEL
CHASM

Language
Code Generation

Interoperability

CCAComponents

PETScAutomatic 
instrumentationAlgorithmic 

Performance

Profiling

PETScUser 
Instrumentation

CUMULVSCheck-point/restartDistributed 
Computing

Writing Parallel 
Programs (cont.)

LibraryTechniqueSupportComputational 
Problem
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Tool Interoperability 
Tool-to-Tool

TOOL A

TOOL BTO
OL

 C

TO
O
L 

FTO
O
L E

TOOL D

PETSc TAU

Ex 1 Ex 2
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Component Technology!

Tool A Tool C

Tool DTool B

CCA ESI
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ScaLAPACK

ChomboPETScAZTEC

PVODE

Hypre

SuperLU TAO Overture

Global Arrays

PAWSOPT++ Globus CUMULVS TAU

High Level Interfaces

View_field(T1) zAz λ=

A =UΣVT

Ax = b

User

PSE's and Frameworks

PMatlab

PyACTS
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PyACTS


